was already pregnant with their first child, David John. In the meantime Sydney won the coveted Smith's Prize in 1927 and went on to obtain, in 1928 after David John's birth, his own doctorate for a brilliant thesis centred on the properties of Mathieu functions.
This work led to Dr Sydney Goldstein's being appointed Rockefeller Research Fellow, with the opportunity of devoting the last phase of his education to study in Gottingen for a year with Ludwig Prandtl and Albert Betz: a visit that opened Sydney's eyes to the enormous progress that had been made by the Gottingen school in the interpretation of fluid-flow structures of engineering interest in terms of patterns of (relatively) concentrated vorticity. Remarkably soon after this, Goldstein was to become recognized as one among the enterprising new international group, drawing its prime inspiration from the pioneering work of Prandtl, that was changing the direction of fluid dynamics in ways that would enormously benefit engineering in general, and aeronautical engineering in particular.
(b) Pre-war lectureship positions
The excellence of Sydney Goldstein's mathematical work was recognized in 1929 by two appointments: to a Research Fellowship at his own Cambridge College (St John's) and to a Lectureship in Mathematics at the University of Manchester. He accepted both positions, dividing his allegiance between Manchester and Cambridge for two years until his appointment to a mathematical Lectureship vacancy at Cambridge in 1931 allowed him to concentrate all his activity there.
The two Manchester years, however, had been very influential in Goldstein's later career, both by helping him to recognize the great general strength of Manchester University and its special importance to fluid dynamics (associated with the monumental achievements over many decades of the former Manchester professors, Osborne Reynolds and Horace Lamb); and by allowing him to deepen his Zionist commitment still further at the feet of Dr Chaim Weizmann. All of that experience was to influence him greatly in his searches, after the war, for new fields in which to pursue his major areas of interest.
In 1931, however, he was delighted to be in a position to make Cambridge the base for all his teaching and research work. Soon after that, the sudden death of Sir Horace Lamb had two major influences on Sydney Goldstein's future. First of all, that beautiful house in Selwyn Gardens, Cambridge, which Sir Horace had occupied since his retirement from the Manchester Chair, came up for sale, and Sydney as a result of a recently received legacy was able to acquire it as a most comfortable and attractive house for Rosa and himself and their two children David John and Ruth.
The second, more public consequence for Sydney Goldstein and for fluid dynamics of Lamb's unexpected death resulted from the consequential vacancy in the editorship of the collective work
Modern developments in flu id dynamics (32) that was being planne Fluid Motion Panel of the Aeronautical Research Committee. Horace Lamb had been following with the greatest interest the modem developments in his subject, as will be evident to all those who have an intimate knowledge of the marvellous sixth edition (1932) of Lamb's H y d ro d y n a m i c s, and he would have brought great skills to the editorship of Modern developments. Nevertheless, the inspired choice of the 29 year old Sydney Goldstein, recognized already as the most brilliant among the younger theoretical workers in the field, and at the same time well grounded in the classical parts of the subject and fully aufait with all the newest theoretical ideas, led to the creation of a work that most profoundly influenced the subsequent development of fluid dynamics.
Later in life Sydney Goldstein would occasionally complain about his Modern developments period, which demanded for five years, until the book's appearance in 1938, such heroic editorial effort (and, it must be stressed, authorial effort) on his part; and he would sometimes resent being most widely known, not primarily as the highly innovative research worker that he undoubtedly was, but above all as the brilliant editor of this supremely influential work. Now, however, we can see that his remarkable innovative skills were in no way kept in abeyance during his commitment to Modern developments in fluid dynamics. Some of the papers he wrote during those years are among his finest (24-31)*; and, throughout the book (32), we find Goldstein's own innovations, both in concept and in exposition, playing a major role. The first two chapters, which introduced so many to the intricacies of the mechanics of fluids, were entirely his work and many of the most illuminating parts of later chapters came in their final form directly from his pen.
Alongside his activity both on that magnum opus and on his own original researches (see §2) Sydney Goldstein developed, during the 1930s, marvellous skills as a teacher, both in supervisions at St John's (where he became a teaching fellow from 1933) and in the lecture room. He developed introductory hydrodynamics courses that appropriately laid great stress on vorticity, and more advanced courses that gave aproperly detailed discussion of boundary layers. In 1935 his excellences in teaching and research, respectively, were recognized by (i) the honorific title of Stokes Lecturer, commemorating the great applied mathematician and fluid dynamicist Sir George Stokes, and (ii) the award of the Adams Prize, commemorating the great applied mathematician and astronomer John Couch Adams, and given for the fine essay on hydrodynawmic stability which Goldstein had submitted.
I am grateful to Professor L. Howarth, F.R.S., for the following observations: Goldstein's work as editor and part author o f Modern developments in fluid dynamics has been universally acclaimed. I was fortunate in seeing this at first hand as a part author and proof reader. Apart from reading and digesting every word, it was an education in itself for me to observe the skill that Sydney Goldstein applied to creating a unified, stimulating and accurate work.
Dr Goldstein was elected F.R.S. in 1937. His accession to the Fellowship at the young age of 33 represented yet another indication of the extremely high regard in which his work in applied mathematics was held.
By 1938, however, the year when Modern developments finally appeared, Sydney Goldstein received the best reward possible for all that he had done through appointment to a Leverhulme Research Fellowship that allowed him to spend the academic year 1938-39 at 'GALCIT', the Guggenheim Aeronautical Laboratory of the California Institute of Technology. Theodore von Karman, who, having also worked with Prandtl in Gottingen, had from 1912 onwards been the first director of the Aeronautical Institute at Aachen, was appointed in 1930 as GALCIT's first Director, and by 1938 had built up in Pasadena one of the w orld's leading centres (alongside Gottingen) for aeronautical research. The Goldstein family keenly enjoyed their year in Pasadena, where they made many friends; and a particularly close relationship developed between von Karman and Goldstein, comprising deep common interests in mechanics of fluids and aeronautics on the one hand and in Jewish culture and Zionism on the other. In the latter context, it is notable that Goldstein's own biographical memoir of Theodore von Karman, For. Mem. R.S., includes already in its second paragraph the sentences:
On both his father's and his mother's side he was a direct descendant o f famous scholars and rabbis. For example, on his mother's side he was a great grandson o f Moses ben Menachem Mendel Kunitz, the author o f a work on the Zohar. Probably the most famous o f his ancestors is Yehuda Loew ben Bezalel, the 'Exalted' Rabbi o f Prague, a famous sixteenth-century scholar, who among other things was an astronomer and a friend o f Tycho Brahe, and who is also credited by legend with the creation o f the Golem o f Prague -a splendid ancestor for a renowned engineering scientist.
These sentences throw some light, perhaps, on how the extremely close relationships that developed in engineering science during 1938-39 between Sydney Goldstein and Theodore von Karman were powerfully matched within at least one other area of their personal lives; in a way that, ten years later, was to influence very strongly the new turn that Goldstein's career began at that time to take.
(c) World War II
In the meantime, however, the approach of war in 1939 intervened massively in countless lives, and both Sydney and Rosa Goldstein felt a powerful commitment to become involved in the war effort at an early stage. Within the two main Government centres for advanced aeronautical research and development (the Royal Aircraft Establishment and the Aerodynamics Division of the NPL) the scientific side of the work was then a little more extensively represented at NPL, where in 1939 Sydney Goldstein gladly accepted secondment from his Cambridge lectureship to join the Aerodynamics Division. He worked there throughout the war, leading an important group concerned with advanced research in aerodynamics and with its practical applications.
At the same time Rosa Goldstein in the first place joined the Royal Aircraft Establishment; however, both Sydney and she felt, in the dark days of 1940, that David John and Ruth should (along with many other British children at that time) be moved away, across the Atlantic, from the threats to children in general and to Jewish children in particular posed by H itler's growing domination of Europe. This became possible when Rosa was offered an appointment with the British Air Commission in Washington; for the four years 1940-44 she made a home there with the two children and carried out important liaison work with the U.S.A. on aeronautical matters. She became reunited with Sydney only in 1944 when (the worst threats being over) she took up a position with the Ministry of Aircraft Production in London.
The six years at NPL were a very busy period for Sydney Goldstein. He was concerned above all with how boundary-layer theory could be practically applied, in parallel with aerofoil theory, and in an environment with powerful technical resources, to produce valuable results. These resources included computer rooms full of quick-witted girls, each one being equipped with a (then) quite advanced electrically operated calculating machine. They also included a fine suite of low-Mach-number wind tunnels with (for those days) quite reasonably low levels of turbulence. Goldstein's powers of leadership were brilliantly exhibited, and further developed, in the tense wartime environment as he continually rose to the challenge of 'crisis' demands on Aerodynamics Division while consistently maintaining also a strong forward-looking, scientifically based programme of advanced aerodynamic research.
My own association with Goldstein began in 1943, when I had completed the Mathematical Tripos almost entirely in pure mathematics (there was then little incentive at Cambridge to study applied mathematics, all of whose strongest Cambridge exponents were away in various war jobs) and it was decided that I should be sent to join Goldstein's group at NPL. My Cambridge supervisor (Professor A.S. Besicovich, F.R.S.) was, however, worried about whether my allegiance to pure mathematics would in practice survive exposure to the dynamic style of his former colleague, and he wrote to Goldstein begging him 'not to m in' me. Goldstein used later on to enjoy telling this story and ending it with the punch line 'But I mined him !': meaning that I did become an applied mathematician.
In the summer of 1943 the likely further duration of the war still seemed most uncertain, and Aerodynamics Division had accordingly been given the task of developing as much knowledge as possible about supersonic aerodynamics, in case our war effort might in fact need supersonic aircraft before the war came to an end. Experimental investigations of supersonic aerodynamics were made in a group directed by C.N.H. Lock; as a new entrant to Goldstein's group I was given the task of learning all of the quite modest amount of theoretical information on supersonic aerodynamics then available in the literature and 'taking it on from there'.
It was an exciting and challenging task for a 19 year-old to be given, and it was immensely stimulating to be able to undertake it under the brilliant supervision of Sydney Goldstein. Characteristically, he made me read in the original German (then, very rightly, considered a linguistic sine qua non for budding scientists) the basic original texts of Prandtl and Betz in general aerodynamics and of Prandtl and Ackeret and Busemann in supersonic aerodynamics, together with recent key work by von Karman, who, however, was by now publishing in English. Set on the road so admirably by Goldstein, I was able to pursue fruitfully for another two decades the theory of supersonic flows and supersonic flight.
By 1944, while I continued to produce reports on supersonic aerodynamics, I was unable to resist becoming simultaneously engaged in another field which Goldstein and several of his colleagues were developing with great scientific success: aerofoil design utilizing boundary-layer control. It was another 'longer-term' area of research and (as with supersonic aerodynamics) the war finally came to an end (to the immense relief of all) at a much earlier date than would have been compatible with this or several other longer-term possibilities becoming used in the war effort. Nevertheless, Goldstein in his excellent Wright Brothers Lecture (47) of 1948 was able to give an outstanding review (which has since been widely used) of that group's wartime achievement in the boundary-layer-control field.
(d) The Beyer Professorship at Manchester
As the war was coming to an end Sydney Goldstein began to grapple with the problem of how to exercise effectively, in the postwar period, all his many-sided skills: as an inspired leader and manager of both theoretical and experimental research, as a brilliant teacher and organizer of teaching in applied mathematics, as a deeply original research worker and research supervisor. It was hard to believe that all this would be possible in Cambridge, with its (then) completely fragmented system of College teaching, with its excessively democratic arrangements for the governance of the Mathematical Tripos, with the rigid separation of that Tripos from all laboratory activities. Above all, the heavy demands made by Cambridge Colleges on the time that must be devoted by teaching fellows to individual supervision of undergraduates was by 1945 a great deterrent to Sydney against returning to St John's.
Another St John's Fellow, the distinguished topologist M.H.A. Newman, F.R.S., was facing similar problems towards the end of his fruitful wartime career in the famous Bletchley cryptography establishment, where (alongside his own major intellectual contributions) he had exercised notable gifts of group leadership in the challenging enterprise of developing (with F.C. Williams and A.H. Turing) Britain's earliest electronic computers. Max Newman discussed with Sydney Goldstein their common aspiration for an environment where each could exercise his wide-ranging gifts, instead of being excessively immersed in undergraduate supervision.
Both were helped in deciding what to do by Sydney's prior knowledge of the great potentialities of Manchester University, now being brilliantly led by Sir John Stopford, F.R.S., as a Vice Chancellor determined to move fast in raising the University to still greater levels of excellence. John Stopford (see Biographical Memoirs 7, 271-279) had superb judgment of academic potentiality and showed inspired confidence in taking decisions quickly to back that judgment, knowing that he would later be able to convince the Senate and Council that the decision taken had been in the best interests of Manchester University.
Out of the vast network of key decisions taken by Stopford during the immediate postwar period, I refer here to just the small part that centred on Mathematics, with important connections to experimental fluid dynamics and to electrical engineering. This part, like most of the rest, was based on Sir John's unfailing judgment of individuals. He felt sure that Sydney Goldstein and Max Newman would create at M anchester a dynamic and internationally renowned new Department of Mathematics, interacting admirably with other parts of the University. With this objective in view, he took several decisions that gave each of them the large scope that they had in mind.
For Max Newman, appointed in 1945 to the Fielden Professorship of Pure Mathematics, full details of these are given in his Biographical Memoir (31, (437) (438) (439) (440) (441) (442) (443) (444) (445) (446) (447) (448) (449) (450) (451) (452) ; they included many lectureship appointments for brilliant young analysts, algebraists and topologists together with a remarkably far-seeing commitment within Electrical Engineering (where F.C. Williams, later F.R.S., was soon appointed Professor and Head of Department) to the development of Britain's first publicly acknowledged electronic computer, which was to become the Ferranti Mark I. In the context of the present memoir, two things are important about these developments: all of Goldstein's major new initiatives in applied mathematics teaching were being well matched with complementary initiatives on the pure mathematics side to create a superbly integrated curriculum of mathematics courses; and all of the applied mathematics research moved forward against a growing background of excitement and speculation as to all the new opportunities that would be offered by electronic computers.
Sydney Goldstein was appointed to the Beyer Professorship of Applied Mathematics in 1945 and was immediately allowed to build an ambitious Fluid Motion Laboratory. Shortage of space on the main University site caused this Laboratory to be built and developed in a large hangar at Barton, on the western outskirts of the Manchester conurbation. Goldstein secured W.A. Mair as the Laboratory's director; and Austyn Mair and Sydney Goldstein laboured heroically to ensure that it became properly equipped with a good low-turbulence, low-speed wind tunnel, a fine 'blow-down' supersonic wind tunnel, and growing shock-tube facilities. Many crucial early experiments on supersonic aerodynamics in particular were carried out by Mair and his colleagues at the Barton Laboratory and discussed extensively by them with applied mathematics colleagues on the main University campus, with immense benefit to theoretical developments.
Among the applied mathematicians who look back happily to having been recruited by Sydney Goldstein to the Manchester staff soon after his own first appointment are J.W. Craggs, F.G. Friedlander, F.R.S., C.R. Illingworth, D.S. Jones, F.R.S., R.E. Meyer, G.N. Ward, E. Wild and myself. In my own case I remember the process of recruitment to have been carried out most painstakingly and persuasively! Once in the new Department of Mathematics, all of us became engaged in developing a completely new curriculum for mathematics, planned so that the pure courses and the applied courses dovetailed together; and, above all, so that the applied courses were to be closely related to experimental data in the fields of application as well as to dedicated communication of 'the art of applying mathematics'. We inhabited inadequate and unsuitable accommodation in the (then) darkly begrimed old buildings of the University but our morale was high because we knew that, led by Goldstein, we were pioneering crucially innovative approaches to applied mathematics teaching and research; and we suspected that other universities would soon be following our lead (as, for example, Cambridge finally did over a decade later).
In the meantime, Sydney Goldstein's own research work continued to flourish remarkably (see §2). In 1950 the Royal Netherlands Academy of Sciences and Letters (section for Sciences) recognized the importance of his scientific contributions by electing him a Foreign Member.
During his five years that were spent helping to make M anchester University outstandingly strong in mathematics and in fluid dynamics, Sydney Goldstein fulfilled also many other duties, of which one deserves special mention. The distinguished Aeronautical Research Committee, whose Fluid Motion Panel had been responsible for the Modern developments volume, edited by Goldstein, had been further strengthened and reconstituted as the Aeronautical Research Council of which in 1946 Professor Goldstein was offered the Chairmanship. This task, which he accepted, helped to enhance still further his refined appreciation of the entire complex process that links individual scientific advances in aeronautical research to any ultimate influences on the aircraft design process; and he made it his business to communicate that enhanced understanding to the groups that he led at Manchester University.
Everything that Goldstein had begun at Manchester was further developed after he left. 
(e) The challenges ofTechnion
The ambitions of Zionists all over the world, including Sydney and Rosa Goldstein, seemed miraculously fulfilled by the Israeli victory in the War of Independence . Immediately thereafter, a combination of new statehood, huge waves of immigration and a rapidly expanding economy brought great challenges to technological education in Israel, centred upon Technion (the Israeli Institute of Technology at Haifa). The head ofTechnion, Dr Kaplansky, was determined that the Institute should expand into new engineering disciplines, including aeronautical engineering. Contacts with von Karman and others indicated that Sydney Goldstein possessed all the right qualities to help bring this about, combined with the necessary powerful Zionist commitment.
By 1949, Chaim Weizmann was established as President of the new state of Israel. Along with Ben Gurion, the Prime Minister, he actively subscribed to the view that Technion must move strongly into modem areas of engineering. Building on that close acquaintance with Sydney Goldstein which had first been established as early as 1929, Dr Weizmann issued a formal invitation to Sydney to visit him in Israel; where he was further to encourage an immediate Goldstein visit to Haifa. Here there was an instant concurrence of views with Dr Kaplansky and others on major principles, and he was strongly pressed to join Technion's staff.
After Sydney had returned to Manchester and talked over everything with an excited Rosa, he wrote out a formal application for an academic position with Technion. Ben Gurion was enthusiastic and wrote to Kaplansky: 'Ihighly esteem Prof. Goldstein's coming to Israel and joining our scientific powers. It would be well if he could begin his work at the Technion as quickly as he can free himself from his present duties.'
Needless to say, for the conscientious and punctilious Goldstein, the latter process took quite a long time, (a little over a year) but in the autumn of 1950 he assumed at Technion both a Professorship of Applied Mathematics and the Chairmanship of the new Department of Aeronautical Engineering. Immediately, just as had happened at Manchester, he began to make his mark on the development of both disciplines in Haifa, as well as to make a powerful overall impression on the entire Technion.
In the general atmosphere of the new state of Israel in 1950, of course, and under the pressure of formidable needs in all the most basic and simple areas of the economy, it required great vision and determination to pursue successfully the idea that Israel also had needs in an area so recondite as aeronautical engineering. Although the support of Ben Gurion as Prime Minister was immensely helpful to this cause, it needed the devoted effort of someone with Sydney Goldstein's specialized knowledge and experience and powers of leadership to set the new state on a path that would lead in the fullness of time to those triumphs of Israel's aircraft industry that have been so important for national survival.
If tragedy had not intervened early in 1951, the route by which this great technological development was achieved at Haifa would have been both a smooth one and a happy and satisfactory one from Goldstein's point of view. He would have worked with confidence and determ ination to build up not only aeronautical engineering but also applied mathematics in the Technion, while Dr Kaplansky would have enacted for him the role that Sir John Stopford had played in the analogous developments at Manchester: winning essential resources; acting as an interface with the public, with wellwishers everywhere and with Government; and maintaining the general harmony of the whole institution. Goldstein ' s own academic work would have continued to prosper while Technion was simultaneously winning immeasurable benefits from his academic leadership.
Instead of all this, the untimely death of Kaplansky forced a quite different pattern on the course of developments at Technion, which must be seen as deeply regrettable in personal terms (quite apart from the tragic loss of Kaplansky himself). Indeed, even though the institution went on in due course to achieve marvellous success in aeronautical engineering and related fields, this was (as things turned out) won at a heavy human cost to Sydney Goldstein himself.
Nobody but he was available, unfortunately, with the high academic standing and experience that were seen as essential if Technion were to be given the academic leadership it needed. Accordingly, Goldstein (just a few months after arrival in Israel) came under immense pressure to play an overall administrative role at Technion. He resisted this pressure but finally acceded to an uneasy compromise intended to limit his administrative role to academic affairs.
General Yaakov Dori, who as Chief of Staff of the Defence Forces during the victorious Israeli War of Independence was a person of the highest possible national standing, accepted the Technion Presidency, with the full responsibility for providing the interface with the outside world in financial and political matters, on the strict understanding that his Vice President would be Sydney Goldstein; who in turn would have full responsibility for academic organization. Goldstein agreed to this arrangem ent after insisting on an undertaking that his responsibility would be limited to the academic area.
Actually, such a division of responsibility, although it is by no means without drawbacks, has been made to work satisfactorily at many academic institutions, and might have proved effective at Technion with individuals of the great ability of Yaakov Dori and Sydney Goldstein. Certainly, Goldstein threw himself into his general academic responsibilities as well as continuing to build up aeronautical engineering at Technion.* General Dori himself, in a review of his own first ten years as Technion President, wrote: Once again, we must regret that it proved impossible in practice to confine Sydney Goldstein's area of responsibility to the above-outlined sphere in which his contributions were so effective.
Most unfortunately, however, the complete absence of any other Vice President, and, specifically, of a Vice President concentrating on all Technion's vital non-academic affairs (whether of a political or of a financial nature), laid upon Goldstein an intolerable burden. General Dori was, to be sure, highly competent in all these areas. Nevertheless, the very nature of his work forced him to spend part of his time abroad on essential fund-raising missions. In addition, he had an occasional spell of ill-health. The strains on Goldstein came in the end to breaking point because during periods when the President was absent there was simply no one else who could fill the gap. He had temporarily to take on all those other responsibilities to which he was individually less suited.
In addition, the turbulence of Israeli political life upset Sydney Goldstein in many ways. It could take the form of promises that had been most solemnly given by Government (e.g. of financial support for a wind tunnel) being later unilaterally retracted or postponed sine die, to Sydney's grave annoyance. Within Technion itself, it could take the form of highly vocal and active student unrest. Here was an area where Rosa Goldstein was able to make a most helpful contribution by assuming the newly created position of Student Counsellor (which developed later into a post with the title Dean of Students). This brought many benefits. Nevertheless, through the activities of a substantial number of more 'rebellious' students, unrest was further fomented towards the end of 1953 and led to a three-week student strike towards which Sydney reacted most bitterly. Everything that has been noted in the past two paragraphs, seen as a whole and coupled no doubt with other aggravating causes, led to Sydney Goldstein tendering his resignation as Vice President in July 1954 and to an announcement that he would be taking a year off as Visiting Lecturer at Harvard. He was to resign also from his other positions at Technion in the summer of 1955 after appointment to the Gordon McKay Professorship of Applied Mathematics at Harvard University.
(f) The Belmont years
Needless to say, the offer of a prestigious Chair by one of the w orld's greatest universities was hard indeed to resist. It offered Sydney the opportunity (after all the turbulence of Haifa) of a real return to academic work on the beautiful Harvard campus; the United States, where he and Rosa had so many friends of long standing, was seen by both as an attractive broad background to their future life. The move brought them close to their son David John*, who was already working on the East Coast of the U.S.A. as a chemical engineer; Sydney commented also to friends on the great advantages to him at the age of 51 of a post from which he would accrue ample pension provision for his retirement.
Sydney and Rosa acquired very soon the charming home in Belmont, Massachusetts (at 28 Elizabeth Road) which they would occupy together until Sydney's death. engineering; the latter-day trend of his research interests in fluid dynamics followed a course briefly outlined in §2. Sydney Goldstein was to make one more big contribution to the needs of Technion when, in 1966, 12 years after all the earlier traumas that have been described above, he felt able to agree to a proposed period of appointment as Chairman of the Board of Governors in succession to Justice Moshe Landau. Against the background of an even worse crisis than usual in the financial position of Israeli universities, Professor Goldstein exerted his authority as Chairman most effectively within precisely that sphere of political and financial activity where, in the earlier period, he had wished to limit his involvement. He undertook to effect a drastic reorganization in Technion's financing operations. He drew up a many-pronged financial programme and, after preparatory meetings, held a confrontation session, with Finance Minister Sapir at the Essex House in New York in January 1967. He was flanked by Technion President Goldberg, Maurice Rosen, President of the American Technion Society, Col. Elyachar, Honorary President of the A.T.S., and D. Lou Harris, President of the Canadian Technion Society. He spelled out his programme in detail, and gained Sapir's approval in principle. At the same time Goldstein warned that Technion should not delude itself into expecting that the Government would or should do more than the figure finally agreed upon. 'To expect more would be impractical, and to accept more would be dangerous if we are not willing that the Government should exercise complete control', he stated.
A special meeting of Board members was held in April. A subsequent session with Sapir in Jerusalem resulted in a meeting of minds, and the Board session in July, 1967, confirmed the details of what the Board Chairman referred to as the Essex House Plan, but which should more appropriately be known as the Goldstein Plan. It was a marvellous concluding contribution by Goldstein to ensuring a fine future for Technion.
Goldstein retired from his Harvard Chair in 1970 and the Journal o f Fluid Mechanics dedicated to him a special number of the Journal to mark this event. A description of the memorable Symposium at Haifa held later, in 1973, to honour Sydney's 70th birthday is included in §2.
Sydney Goldstein spent the years of his retirement almost entirely at Belmont, increasingly incapacitated physically by illness. In the activity of his mind, mathematics and fluid dynamics ceased to play a significant part but his Jewish faith continued to bum brightly to the end.
Goldstein and fluid dynamics (a) Fluid mathematics
In December 1973 the 70th birthday of Sydney Goldstein, one of those who most influenced progress in the dynamics of fluids during the 20th century, was celebrated by leading workers in the science at a wide-ranging symposium aiming to give an overview of the current state of fluid dynamics. The symposium was held at Haifa, Israel, in association with the 50th anniversary of Technion, whose development Goldstein had furthered so greatly through his administrative and scientific leadership in the years 1950-54. It was, however, Goldstein's achievements within fluid dynamics that the symposium was designed to celebrate, by means of a sequence of lectures highlighting important new areas of work in that field, influenced directly or indirectly by him (see Rom (1977) for the published proceedings).
Fluid dynamicists who had been very personally influenced by Goldstein as teacher and colleague, whether in Cambridge, Manchester, Haifa or Harvard, were naturally those most fully conscious of the depth of that influence, and they formed the majority of participants at the symposium. Almost every fluid dynamicist, however, is keenly aware of Goldstein's importance to the field through his writings in general, and above all through his central role in the production of the great 1938 volumes Modern developments in flu id dynamics (32), an outstandingly well integrated and comprehensive survey of the theoretical and experimental knowledge then existing in the subject after the period of revolutionary advance led by Prandtl, Taylor, von Karman, Dryden, Goldstein himself and many others.
The organizers of the 1973 symposium celebrating the first 70 years of Sydney Goldstein drew, in fact, particular attention to the mid-point of those 70 years, the year (1938) of publication of those immensely influential volumes to which Goldstein was sole editor and a principal contributor, by taking 'Modem developments in fluid dynamics' as the Symposium's own title. In making this choice of title they, of course, bore in mind also its suitability in a literal sense for introducing a broad account of work in fluid dynamics that was viewed as important in the early 1970s.
A more subtle implication in their use of the same title for the 1973 symposium as for the 1938 book is that both exhibited an underlying unity. The book had laid down robust foundations on which later fluid dynamicists could build; modem in its day, it was still regarded in 1973 as containing the mature, basic fluid dynamics that was continually being drawn upon by those making the major steps forward in the 1970s. Fluid dynamics, after an extended interlude of partial 'mesmerism' by magnetic fields, seemed in 1973 to be much more recognizably 'her old self', forging ahead along many major new lines of advance wherein progress was being made, not through radically new approaches, but through new variants of the basic fluid dynamics of Prandtl, Taylor, Karman, Dryden and Goldstein.
Another important group of current 'modem developments' were being made by giving new mathematical twists to the classical theories. The continued successful influence of powerful mathematical techniques, when applied in the right way to fluid dynamics, was a matter particularly appropriate to be celebrated along with a celebration of Goldstein's work, which from the outset was characterized by the use of powerful mathematical methods and by a passionate determination to use them in a manner intimately linked with the observed motions of fluids.
This first sub-section of a historical outline concerned with 'Goldstein and fluid dynamics' has been entitled 'fluid mathematics' to emphasize that Goldstein, when he gradually began to specialize in fluid dynamics in the late 1920s, brought to it quite exceptional gifts as an applied mathematician, including both mathematical ability of the highest calibre and, increasingly, a remarkable flair for forging strong links between his mathematical work and the dynamics of fluids.
Goldstein did much to strengthen the relations between applied mathematics and experimental fluid dynamics through the academic appointments in applied mathematics that he held in Cambridge (1931 -39), Manchester (1929 -31 and 1945 and Haifa (1950-55) . For example, at his insistence an important laboratory of fluid mechanics was set up at the University of Manchester in 1946 in close association with the Department of Mathematics (see §ld) and has continued to flourish ever since. Goldstein's work in the 1939-45 war (see § §lc and 2d) involved the closest cooperation between mathematical and wind-tunnel studies. The work, while mathematically powerful, was not 'arid theorizing' but, truly, 'fluid mathematics', fashioned so as to retain both a clear logical strand of argument and a clear correspondence with the observational data.
Goldstein's 'secret weapon' as an applied mathematician was that he always knew, while carrying out the steps of a mathematical argument, what was the physical meaning of each of the terms in his equations. Thus, he could avoid being led down paths of approximate inference that would diverge from physical reality. Just as a numerical analyst may seek to solve a differential equation ' in the right direction ', such that solutions near the true solution are converging towards it, so Goldstein found ways of directing the 'flow' of the mathematical reasoning so that it converged with the physical arguments and led to a coherent whole more satisfactory than either set of arguments by themselves could have been. This was a truly 'fluid' mathematics! Sydney's personal contribution to the 1973 symposium ended with some rather general remarks in which he felicitously expanded his lifelong philosophy of fluid dynamics and applied mathematics.
Fluid-dynamicists and applied mathematicians should interact with society at large to help in all aspects of technology, e.g. supersonic flight (and not only its fluid dynamics!), physiological flows, surgical tools and aids, such as diagnostic instruments, pumps and artificial organs. There exist enormous social applications, not only in medicine, but also in other areas. We cannot afford to be stand-offish! A complete integration with other subjects, professions and fields, with society at large, is of the utmost importance for the future of our profession; for the future o f fluid dynamics and applied mathematics. Needed is not a vague kind of cooperation, but complete scientific and social integration. Scientists should extend into regions of alien specialities. One should welcome people from other Departments and encourage them to explore, and this should extend to collaboration with the social sciences. In doing pure mathematics there is an absence of responsibility; not so in applied mathematics. Let us return to old-fashioned attitudes and training. There is too much to learn now. Instead of spending eight years in the transfer of skills and knowledge, we should try to instil an attitude, a spirit. One should get back to being a whole man, back to an attitude of responsibility. We should be as responsible as engineers and physicians. It is often said that applied mathematicians act as bridges between mathematics and other disciplines. If you want to be a bridge you must be prepared to carry a load.
All of these remarks deserve as much attention today as when Sydney spoke them in 1973.
Some important parts of Goldstein's early work as an applied mathematician consisted of profound studies of the asymptotic and other properties of various special functions, including especially the Mathieu functions (2, 4, 6, 8) with, not surprisingly, a 'fluids' application to seiches in elliptical lakes (5, 7, 9) . This led him during his visit to Gottingen to carry out experiments with an elliptical vessel in the rotating laboratory of Prandtl. Some other interesting early applied mathematics work of Goldstein was on the Oseen equation (10, 11, 14) . For steady fluid flows this equation can have particular interest as a far-field approximation. The relations discovered by Goldstein between the far-field solutions and the forces and moments acting on the fluid in the near field are, in cases lacking simplifying symmetries, intriguing and subtle. His solution of a boundary-value problem for the Oseen equation (with a sphere as a boundary) is somewhat more remote from a real fluid-flow problem but Goldstein used on it mathematical methods of great interest which have continued to be applied in other contexts.
Goldstein's powerful and 'fluid' mathematical approach was directed by him towards many problems external to the domain of fluid dynamics proper. Although such work is generally outside the scope of a survey on 'Goldstein and fluid dynamics', the close links between fluid dynamics and chemical engineering make it appropriate to single out for special mention his major mathematical studies of exchange processes in fixed columns (59, 60, 62, 63, 64) , conducted in part with J.D. Murray.
The remainder of this survey seeks to outline the story of the strong interactions between Goldstein and fluid dynamics within two sections that relate to those specialized branches of the subject (boundary layers and wakes; instability and turbulence) where Goldstein was responsible for many particularly important original contributions, and also played a major didactic role; and a final section (aerodynamics) on the highly significant interactions between Goldstein's fluid dynamics and the world of aeronautics. As a broad background or setting to all of these sections, Sydney Goldstein's own historical article (69) on Fluid mechanics in the first half o f this century is much to be recommended.
(b) Boundary layers and wakes
Early in his career (1930) Goldstein published an extended mathematical account (13) of the problems of obtaining numerical solutions to the steady-flow laminar-boundary-layer equations of Prandtl, at whose suggestion the work was undertaken. The paper investigated a variety of forms of series expansion, and gave a lucid exposition of why various plausible lines of attack will not work, as well as of the approaches that stand up well to critical examination. In dealing with some of the coefficients in his series, Goldstein s mastery of techniques for obtaining asymptotic expansions of functions specified by linear differential equations proved very useful. His deep understanding of the mathematical nature of the boundary-layer equations, derived from this whole body of work, proved invaluable later when the parts of Modern developments (32) concerned with that theory had to be com A beginning on the problem of what happens to a laminar boundary layer when it leaves a trailing edge was made in the 1930 paper, but Goldstein returned three years later to this involved matter of the boundary layer's metamorphosis into a laminar wake in a two-part paper (21, 22) which remained famous as a remarkably effective first attack on a problem which has ever since continued to attract both vigorous attacks from applied mathematicians and detailed experimental investigations. Goldstein's 1933 paper selected a very reasonable line of mathematical approach to the problem and worked out its consequences in detail just as far as could be done and then proved that the line in question could not be pursued further (i.e. to a third approximation), a discovery that was to prove the key to much subsequent work. An experimental appendix by Fage showed good agreement with Goldstein's calculations very close behind the trailing edge and also confirmed, at the Reynolds numbers used (over 50 000), the expected transition to turbulence leading to a complete change in the nature of the wake somewhat farther downstream.
An early attack on the unsteady-flow theory of the laminar boundary layer was made in a joint paper with L. Rosenhead (28) concerned with how a boundary layer behaves in a flow started impulsively from rest at time t = 0. Expanding in powers of t they found the remarkable equation
[1 for the point x where separation occurs at time t if U(x) is the distribution of external-flow velocity. They applied the result to various interesting examples. Another aspect of the changing character of a boundary layer, this time in steady flow, was investigated in joint research with G.S. Atkinson and received its first publication as pp. 304-308 of Modern developments (32). This is concerned with how the thin boundary layer formed near the lip of a circular pipe (with uniform entry flow) develops in the course of a long 'entry length' into a fully-developed Poiseuille flow far downstream. The complicated interactions be tween the accelerating potential flow outside the boundary layer and the rotational flow near the solid boundary are analysed with great ingenuity in this investigation. Important work of Goldstein's on boundary-layer separation begun before the 1939-45 war was returned to afterwards and finally published (44) in 1948. This is another paper that became famous as a profound first attack on a problem of extreme difficulty (the mathematical character of solutions of the boundary-layer equations near separation) that has continued to attract the greatest interest ever since. The complex nature of the singularity in the general case, with its quarter-power and logarithmic terms, and the absence of singularity in a particular, apparently 'unlikely' case, were clearly set out in the paper and have been the foundation of all subsequent work (see, for example, the comprehensive review by Brown & Stewartson (1969) ).
During his Cambridge and Manchester periods, Goldstein exerted a continual influence on pupils and colleagues to encourage them to participate in the expansion and extension of boundary-layer theory. Many of the important later developments, particularly of the theory for compressible fluids, owed much to his inspiration.
During his Haifa and Harvard periods, Goldstein became more and more interested in the extension of boundary-layer theory to higher approximations. One of the most advanced chapters in his useful 1960 text
Lectures on fluid mechanics (65) g difficult problem with special reference to two-dimensional flow past a flat plate with straight sharp leading edge. At distances from the leading edge large compared with v/U (where v is kinematic viscosity and U the undisturbed flow velocity) the boundary-layer approximation (or, outside the boundary layer, the displacement-thickness approximation) gives a good approximation to the flow. The problems involved in obtaining representation of the motions nearer to the leading edge than that are most ably analysed in this chapter.
(c) Instability and turbulence
In the late 1920s Prandtl and Taylor were both taking a strong interest in the observed complete or nearly complete stabilization of a free shear layer that can result from density stratification, and both of them encouraged and influenced Goldstein's 1931 work in this field (15). Goldstein's important contribution was to analyse the problem through linear stability calculations for a very wide range of different multi-layer fluid models, in a comprehensive and intricate study that did much to bring about acceptance of the theoretical basis of the critical value
Vaf or the Richardson number. This paper represented pioneering work by Goldstein on a topic that has continued to arouse the greatest interest among fluid dynamicists. The same is true of his 1937 paper (31) extending Taylor's calculations on the stability of fluid between coaxial rotating cylinders to the case when an axial flow between them is maintained by an axial pressure gradient. The required analysis was forbidding, with the computational aids then available, but it was pushed through to numerical conclusions in several interesting cases and compared rather satisfactorily with experiments by Cornish. On both the topics mentioned above Modern developments gives excellent accounts of this work and of the other information available when it was written.
An order of magnitude more difficult still, of course, is the whole question of the relation between analyses of the Orr-Sommerfeld instability equation and observational data on transition to turbulence in viscous shear layers. Although Goldstein had worked (27) on the m athem atics of the O rr-Som m erfeld equation, it was im possible when Modern developments was written for the authors to give anything but a highly pessimistic account of the equation's relevance to transition. The book performed a service, however, in making clear just how badly the available information hung together in that field, and this helped to pave the way for the big advances that have been made during the last 40 years.
A still more important service performed by Modern developments was to bring together an account of all the methods known in 1938 for calculating turbulent flows, and to make systematic comparisons between all of them and the available experimental data. This helped greatly in the gradually ensuing processes of reaching a general consensus on which methods should continue to be used.
Goldstein's own original work in the 1930s had produced a substantial amount of the information needed. His 1935 paper on the turbulent resistance to rotation of a disc immersed in fluid (24) is a model of a calculation thoroughly modem in spirit which uses two momentum-integral equations and a logarithmic velocity profile in the most economic and logical fashion and reaches outstandingly good agreement with data by Schmidt and Kempf for Reynolds numbers from 4 x 104 to 2 X 106.
In other work, he systematically set out to probe the full logical implications of those mixture-length theories that for good reasons seemed very attractive in the 1930s but have since been rejected. The detailed com parisons betw een the data and both the momentum-transfer and vorticity-transfer versions of the theory that were made by Goldstein and others and meticulously set out in Modern developments brought about gradual acceptance of views that both the theories fail particular critical tests rather seriously, and that certain observed features of the structure of turbulence contradict both theories.
Goldstein had done much to make a systematic extension of Taylor's vorticity-transfer theory to general three-dimensional problems (25) and to apply it effectively (33, 34) to complicated particular problems, which were among its greatest successes. He probed also von Karman's 'similarity' theory of the mixture length in a paper (30) which did much to facilitate general recognition of the flaw in that theory: the crucial assumption that turbulent transport at a given point in a shear layer was influenced by eddies primarily sensing conditions near the point rather than (as we now believe) by eddies involved in and responding to conditions over most of the layer.
A practical and highly influential paper by Goldstein on fluid-flow turbulence (26) was concerned with its effect on the readings of a static-pressure tube and of a total-head tube. The analysis there given has continued to be regarded very seriously by aerodynamicists making use of those devices.
The large group of fluid dynamicists that Goldstein gathered together in 1945^46 in the Manchester department of applied mathematics and its associated fluid mechanics laboratory were greatly inspired when he prepared an advanced course of lectures on turbulence lasting for a whole year and taking into account all the latest work in the field as well as the pre-war work. This course set into motion a great deal of new research, theoretical and experimental, on the part of those who attended it. In addition, Goldstein himself was influenced by his own efforts in reviewing all this information to produce a highly original paper (52), analysing in a new way the implications of Kolmogorov's equilibrium theory for the decay of homogeneous, isotropic turbulence.
In this paper he pointed out also a logical extension of Kolmogorov's theory, for application to turbulence that is changing with the time ( ): namely, a modified theory where properties of the turbulence spectrum depend not only on the kinematic viscosity ( ) and on the energy-dissipation rate (e) but also on This leads to many interesting predictions, of which perhaps the simplest is the law decay of turbulent energy. Readers can still be strongly recommended to pay careful attention to the many ingenious suggestions in this paper for improving our grasp of that area of fluid dynamics which may be said to have been the most successful of all in continuing to elude any full measure of human comprehension!
(d) Aerodynamics
Prandtl, representing an aircraft wing by a spanwise distribution of circulation together with the streamwise distribution of trailing vorticity required to close the vortex lines, was able to show that for a given lift the trailing vorticity carried least energy (implying minimum induced drag) when its distribution was the same as the bound vorticity on an infinitely long thin plate with the same span, moving at right angles to itself; this conclusion gave the well known elliptical distribution. In a similar way Betz, representing a propeller by a distribution of circulation along each blade, and closing the vortex lines by a distribution of vorticity trailing in helical paths behind it, showed that for a given thrust the wasted energy in the trailing vorticity was least when the distribution of circulation was the same as the bound vorticity on an infinitely long helicoidal thin plate moving uniformly backwards; the plate being, of course, geometrically like the wake itself in diameter and pitch and, for a propeller with B blades, consisting of B helicoidal surfaces at an azimuthal spacing of Tj i /B. Moving from this conclusion to the actual distribution of vorticity was, however, a formidable mathematical problem, except in certain limiting cases (large B or small pitch) when Prandtl had solved it approximately. Betz displayed excellent judgment in suggesting the general case to his young visitor Goldstein.
Goldstein in 1929 gave a very complete solution (12) with comprehensive numerical data for B=2and 4 and for nine values of the pitch. The virtuosity with which he built up different Fourier-series representations of the velocity potential inside and outside the circumscribing cylinder and then matched them together on it was extraordinary. The properties of the series were such that the normal truncation process for matching would have converged far too slow ly. G o ld stein found, how ever, another m atching problem involving series asymptotically the same where he could solve exactly the infinite system of equations; he showed, furthermore, that the truncation process applied to equations for the difference between the solutions to the two matching problems converged rather fast. This was just one of many triumphs of ingenuity in a remarkable paper.
Soon afterwards, of course, the aeronautical world was ringing with the fame of Goldstein, whose long connection with the Aeronautical Research Committee (later Council) then began, to the parties' mutual benefit. On the one hand, it helped to keep Goldstein aware of the extensive experimental and theoretical activities in progress in all the different aeronautical research laboratories, while reciprocally, Goldstein gave a tremendous amount to the A.R.C. and its subsidiary bodies, from his hard work to ensure the great success of their publication Modern developments to his distinguished term of office as Chairman .
At the outbreak of the 1939-45 war Goldstein was outstandingly qualified, by all his work on Modern developments, by his extensive original researches in parts of fluid dynamics highly relevant to aeronautics, and by a recent extended visit to the Guggenheim Aeronautical Laboratory of the California Institute of Technology (directed by von Karman), to contribute extensively and with great effect to B ritain's war effort in aeronautical science; and so he did. In due course he became the head of an important complex of wind-tunnels and of workers in experimental and theoretical aerodynamics within the National Physical Laboratory. From this position he exercised a continuing influence on a vast range of activities in military aeronautics, while also being able to initiate some important longer-term research programmes.
The fascinating story of one of these was told by him later in the 1948 Wright Brothers Lecture (47) on low-drag and suction aerofoils. This described first the work in many centres including NPL on the idea of an aerofoil so designed that the external potential flow around it would provide the right environment for the boundary layer to develop in such a way that the profile drag would be low within a specified range of lift coefficients. The lecture referred to and summarized Goldstein's numerous wartime reports developing convenient ways of making the necessary calculations (see also the six papers (53-58)), along with extensive wind-tunnel data establishing the advantages of the approach and certain important disadvantages.
The greater part of the lecture then concerned itself with suction aerofoils: an idea proposed first by A. A. Griffith and aimed at obtaining the advantages of low-drag aerofoils without the disadvantages. Especially, the difficulties of obtaining satisfactory boundary-layer behaviour on the aft portion of the aerofoil with rapidly decelerating external flow were avoided by (i) sucking away the boundary layer at a slot before any deceleration occurs, and (ii) concentrating all the deceleration in one discontinuous drop in external-flow velocity at the slot. Goldstein and his group developed a very extensive variety of designs for aerofoils based on variants of this idea, including designs of the suction system itself, and several of them were tested with considerable success as described in the paper. Later Australian flight tests of an aerofoil similar to Goldstein's figure 15 were also very satisfactory. However, the advent of the jet engine, leading to opportunities for economic flight at speeds comparable with the speed of sound, where compressibility effects change the aerodynamics in a manner unfavourable to the Griffith-Goldstein suction aerofoils, has prevented them from being incorporated into aeronautical practice.
In the meantime, Goldstein and his wartime group had been actively tackling problems of the compressibility effects in aerodynamics both for high subsonic flight speeds and for supersonic speeds. This work continued when some of the group rejoined Goldstein in Manchester after the war. His influence on this work in both locations was profound, and he actively participated in important parts of it.
A model exposition of an important part of supersonic wing theory is provided by his long 1950 paper with G.N. Ward (49) which sets out lucidly the whole linearized conical-field theory and derives from it a comprehensive body of results in forms suitable for practical application. Other joint work with Lighthill and Craggs (46) probed new ways of using the hodograph transformation to obtain high-subsonic-speed flows around profiles. In the meantime, the supersonic wind-tunnels built at Manchester on Goldstein's instigation began under W.A. Mair's direction to produce results of marked originality.
Goldstein's profound knowledge of aerodynamics, and his extensive experience of aeronautical research in general both in wartime and as Chairman of the A.R.C., fitted him uniquely to realize, when he came to live in vulnerable Israel, how important the creation of an aeronautical-engineering profession would be to her sooner or later. This vision, matched with his own dedicated determination, led to the creation of the distinguished Aeronautical Engineering Department at the Haifa Technion, which has borne witness to his wisdom by giving the state of Israel for many years now such vitally important service.
The strong connection between aerodynamics and survival is, indeed, known both to Britain and to Israel. Goldstein helped to make the connection in both cases. The application of Heaviside's operational method to the solution of a problem in heat conduction. Z angew. Math. Mech. 12, 234-243. (21) 1933 On the two-dimensional steady flow of a viscous fluid behind a solid body, I . Proc. R. Soc. Lond. A 142, [545] [546] [547] [548] [549] [550] [551] [552] [553] [554] [555] [556] [557] [558] [559] [560] [561] [562] On the two-dimensional steady flow of a viscous fluid behind a solid body, II. Proc. R. Soc. Lond. A 142, 563-573. (23) 1934 On the calculation of the surface temperature of geometrically simple bodies. Z angew. Math. Mech. 14, 158-162. (24) 1935 On the resistance to the rotation of a disk immersed in a fluid. 
